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(54) Title: DENSE/POROUS STRUCTURES FOR USE AS BONE SUBSTITUTES 



(57) Abstract: A combination dense/porous structure includes a porous element having an outer surface defining a shape having a 
hulk volume, the element includes a continuous framework having struts defining a plurality of interconnecting interstices throughout 
the bulk volume. The porous element has interconnecting interstices extending throughout the volume and opening through the 
surface. The combination dens/porous structure also includes a dense element formed from a material and having a sintered density 
of at least 95%, contacting at least a portion of the porous element; and an interconnection zone formed by the inter-penetration of 
the material forming the dense element into the porous element. The combination dense/porous structures are particularly useful 
as bone substitute materials and extended release delivery systems, preferable sustained release, for physiologically active agents. 
The interconnection zone can also be formed by a bonding phase that may or may not be the same material as the dense and/or 
porous element. A process lor producing a combination dcnsc/porous structure includes: providing a porous clement; providing a 
dispersion comprising a ceramic or metal powder and a binder; contacting the dispersion with the porous element whereby the slip 
at least partially penetrates into at least a portion of the porous element to form an interconnection zone and a dense element formed 
Irom the dispersion and adjacent to the interconnection zone to form a dense/porous structure; treating the dense/porous structure 
to form a green dens/ porous structure; and curing, drying, and/or heating the green dense/porous structure to form the combination 
dense/porous structure. 
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DENSE/POROUS STRUCTURES FOR USE AS BONE SUBSTITUTES 



CROSS REFERENCE TO RELATED APPLICATIONS 



This application claims priority to provisional application No. 60/283,752, filed on 
April 16, 2001, which is incorporated by reference in its entirety. 



BACKGROUND OF THE INVENTION 



1. Field of The Invention 

[0001] The present invention relates in general to dense/porous structures, in 
particular those made of ceramics and a process for producing the same. The present 
invention also relates bone substitute materials and delivery devices, preferably sustained 
release, for physiologically active agents and processes for producing them. 

2. Description of Related Art 

[0002] The combination of elements with one having a greater density than the 
other is known. See, e.g., U.S. Patent Nos. 4,447,558 to Huebsch, III, 4,158,684 to 
Klawitter et al., and 5,015,610 to Dwivedi. Some are disclosed being made of ceramics. 
See, e.g., the ‘684 patent to Klawitter et al. and U.S. Patent No. 5,192,325 to Kijima et al 
Some of these are disclosed as being useful in bone repair. See, e.g. the ‘684 patent and 
U.S. Patent No. 6,149, 688. However, this prior art fails to “mimic” natural bone in that 
it does not have the proper geometry, porosity, openness, or fails to satisfactorily join the 
dense and porous elements, and thus has disadvantages for use as bone substitute materials. 
U.S. Patent No. 6,136,029 and U.S. Patent Application Serial No. 08/944,006 filed 
October 1, 1997, assigned to the present assignee, discloses material useful as bone 
substitutes. WO 01/12106 describes shaped bodies that include a porous portion produced 
by a redox precipitation reaction (RPR). WO ‘106 also discloses composite bodies that 




WO 02/083188 



PCT/IIS02/11909 



*4 



include the porous portion and a solid portion that can be formed from a wide range of 
materials such as metals, ceramic, glass, polymers or other hard materials. The use of 
acrylic polymers as the hard materials is exemplified. 

[0003] In addition to bone substitute materials described above, there are other 
5 applications in which the chemical, thermal, or other properties of a ceramic, metal, or 
other material can best be used in a combination dense/porous form. One example is in the 
field of sustained release drug delivery. 

SUMMARY OF THE INVENTION 

[0004] One object of the invention is to overcome the disadvantages of the known 
0 art described above. Another object of the invention is to provide a dense/porous structure 
that better mimics the characteristics of natural bone. Still another object of the invention is 
to provide a method for producing a dense/porous structure. Another object of the 
invention is to provide a dense/porous structure that has improved joining between the 
dense and porous elements. Yet another object of the invention is to provide an improved 
5 delivery system, preferably sustained release, for physiologically active agents. In order to 
achieve the foregoing and further objects, there has been provided according to one aspect 
of the invention, a combination dense/porous structure, that includes: a porous element 
having an outer surface defining a shape having a bulk volume, the element comprising a 
continuous framework having struts defining a plurality of interconnecting interstices 
0 throughout the bulk volume, and said porous element having interconnecting interstices 
extending throughout the volume and opening through the surface; a dense element formed 
from a material and having a sintered density of at least 95 % contacting at least a portion of 
the porous element; and an interconnection zone formed by the inter-penetration of the 
material forming the dense element into the porous element. 

5 [0005] According to another aspect of the invention, there has been provided a 

combination dense/porous structure useful as a bone substitute material comprising a 
combination dense/porous structure described above. According to yet another aspect of 
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the invention, there has been provided a method of generating bone to an area in need of 
bone that includes: providing the bone substitute material described above; positioning the 
porous element into the area in need of bone and adjacent to living bone to provide bone in- 
growth into the porous element; and stabilizing the porous element with the dense element. 

[0006] According to a further aspect of the invention, there has been provided a 
process for producing a combination dense/porous structure described above and a product 
produced by the process that includes: 



[0007] 


(a) 


providing a porous element in a green state; 


[0008] 


(b) 


providing a dispersion comprising a ceramic or metal powder 


and a binder; 






[0009] 


(c) 


contacting the dispersion with the porous element whereby the 



slip at least partially penetrates into at least a portion of the porous element to form an 
interconnection zone and a dense element formed from the dispersion and adjacent to the 
interconnection zone to form a dense/porous structure; 

[0010] (d) solidifying the dense/porous structure to form a green 

dense/porous structure; and 

[0011] (e) sintering the green dense/porous structure to form the 

combination dense/porous structure. 

[0012] According to still another aspect of the invention, there has been 

provided combination dense/porous structures useful as an artificial bone structure 
comprising an element having a shape of natural bone or a portion of natural bone and a 
cross-section that includes the combination dense/porous structure described above that 
includes an inner porous portion formed from the porous element to mimic the cancellous 
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structure of bone; and an outer dense portion completely surrounding the inner porous 
portion formed from the dense element to mimic the cortical structure of bone. 



[0013] According to a further aspect of the invention, there has been 

provided a method of regenerating bone to an area in need of bone that includes: 



[0014] providing a bone substitute material having a dense element and a 

porous element; 

[0015] positioning the porous element into the area in need of bone and 

adjacent to living bone to provide bone in-growth into the porous element; and 

[0016] stabilizing the porous element with the dense element. 

[0017] Another aspect of the invention provides a sustained release delivery 

system that includes: a reticulated, porous element having an open, interconnected porosity; 
and a dense element surrounding at least a portion of the porous element, wherein at least 
one of the dense or porous elements contains a physiologically active agent. 

[0018] According to another aspect of the invention, there has been provided 

a combination dense/porous structure that includes: a porous element, optionally sintered, 
having an outer surface defining a shape having a bulk volume, the element comprising a 
continuous framework having struts defining a plurality of interconnecting interstices 
throughout the bulk volume, and said porous element having interconnecting interstices 
extending throughout said volume and opening through said surface; a dense element, 
optionally sintered, formed from a material and having a sintered density of at least 95 % , 
contacting at least a portion of the porous element; and an interconnection zone joining at 
least one surface of the porous element and dense element whereby the bonding phase 
penetrates into the porous element. This combination dense/porous structure can be made 
by a process that includes 
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[0019] (a) providing a porous element, optionally sintered, having an 

outer surface defining a shape having a bulk volume, the element comprising a framework 
having struts defining a plurality of interconnecting interstices throughout the bulk volume, 
and the article having interconnecting interstices extending throughout the volume and 
opening through the surface; 

[0020] (b) providing a dense element, optionally sintered, formed from a 

material and having a sintered density of at least 95 %; 

[0021] (c) providing a bonding phase; 

[0022] (d) joining at least one surface of the porous element and the 

dense element with the bonding phase. The bonding phase penetrates into the porous 
element and forms an inter-penetration zone; 

[0023] (e) curing and/or drying and/or heating the bonding phase to form 

the combination dense/porous structure; and 

[0024] (1) subjecting the joined porous element and dense element to 

sintering temperatures, if necessary. 

[0025] According to still another aspect of the invention, there has been provided 
a method for sustained release of a physiologically active agent in one or more selected 
direction(s) that includes: providing a reticulated, porous element having an open 
interconnected porosity containing a physiologically active agent; surrounding a portion of 
the porous element with a dense element; and exposing the porous element in directions 
where release of the physiologically active agent is selected. 

[0026] Further objects, features and advantages of the present invention, will 
become readily apparent from detailed consideration of the preferred embodiments which 
follow. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] Figure 1 is a photograph showing combination dense/porous structures in 
the shape of discs (green) made according to the injection molding embodiment of the 
invention. 

[0028] Figure 2 is a photograph showing a combination dense/porous structures, 
where the porous elements have been compressed dinring injection molding and have been 
restored to its original shape after debinding. 

[0029] Figure 3 is a photograph of a combination dense/porous structure in the 
shape of discs made according to the injection molding embodiment of the invention, where 
the discs having had channels made in the porous element are shown. 

[0030] Figure 4 is a photograph showing combination dense/porous structures 
where the porous element has been compressed during injection molding, restored to its 
original state during debind and then sintered. 

[0031] Figure 5 is a photograph showing a combination dense/porous structure in 
a green state having been molded and then removed from the injection molding machine. 

[0032] Figure 6 is a photograph showing a combination dense/porous structure 
made according to the slip casting embodiment of the invention, where a structure that has 
had a dense ceramic layer sintered-bonded to the porous element is shown. 

[0033] Figure 7 is a photograph showing a combination dense/porous structure 
made according to the coating embodiment of the invention, where a structure that has had 
a relatively thin dense coating over the porous element is shown. 
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[0034] Figure 8a is a view of a femur and an artificial bone substitute to replace a 
segment of the diaphysis of the femur. Figure 8b is a view of a tibia and an artificial bone 
substitute to correct an angular deformity of the metaphysis of the tibia. 

[0035] Figure 9 is a view of the bones of the feet and hands that may be 
substituted with an artificial bone substitute according to the present invention. 

[0036] Figures 10a- lOg show views of adjacent bone segments and artificial bone 
structures used to fuse adjacent bone segments. 

[0037] Figure 11 is a view of adjacent vertebrae of a spinal column. 

[0038] Figures 12a-12e are views of artificial bone structures used to fuse 
vertebrae. 

[0039] Figure 13 is a view of an artificial bone structure where the dense element 
surrounds the porous element and contains holes that expose the porous element to the outer 
surface of the dense element. 

[0040] Figures 14a and 14b are views of artificial bone structures in which the 
dense element(s) partially or completely surround the porous element and the dense 
element(s) are used to stabilize the porous element. 

[0041] Figure 15 is a graph showing the alkaline phosphatase activity (mean ± 
standard deviation), an indicator of new bone formation, in a rat model of osteoinduction 
using recombinant human bone morphogenetic protein 4 (rhBMP-4) delivered from porous 
implants of hydroxyapatite and tricalcium phosphate. 
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 



[0042] One aspect of the invention is to provide a dense/porous structure that is 
particularly useful in medical applications such as bone substitutes and delivery devices, 
preferably sustained release, for physiologically active agents. As noted above, the prior 
5 art commonly suffers from the disadvantages in a failure to reproduce the feature (e.g., 
geometry, porosity, openness, strength, etc.) of natural bone. As a result, the bone 
substitutes of the prior art cannot provide for optimum bone in-growth, etc. Accordingly, 
one objective of combining dense and porous ceramic elements in a medical device is to 
maximize the strength of an implant using the dense component while maximizing the 
0 potential for host tissue in-growth, particularly bone, into the porous element. 

[0043] The porous element of the combination dense/porous structure in the 
present invention can be any suitable porous element. Preferably, the porous element has 
an outer surface defining a shape having a bulk volume having a continuous framework 
having struts defining a plurality of interconnecting interstices throughout the bulk volume, 
5 the porous element having interconnecting interstices extending throughout said volume and 
opening through said surface. In another preferred embodiment, the porous element is a 
continuous strong supportive, load-bearing framework, preferably sintered. 

[0044] Preferably, the porous element has a hard, strong, open framework having 
interstices in the size range of about 50 pm to about 1000 pm, preferably from about 200 
0 pm to about 600 pm, and having interstitial volumes of at least about 50% , more preferably 
about 70% , and most preferably at least about 80% . The material of the porous element 
may comprise any suitable material. For medical applications, the material is preferably a 
strong, hard, biologically-compatible material. These materials can include bioactive 
ceramic materials (e.g., hydroxyapatite, tricalcium phosphate, and fluoroapatite), ceramics 
5 (e.g., alumina and zirconia), metals and combinations of these materials. The physical 

combination of the two elements may also permit the combination of two or more types of 
ceramics, e.g., a dense bioinert ceramic like alumina with a porous bioactive ceramic such 
as hydroxyapatite, or hydroxyapatite dense and tricalcium phosphate porous, or 
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hydroxyapatite dense and alumina porous. In some applications, it may be desirable to use 
bioactive materials described above as the material for both elements. 

[0045] Metals that can be used to form the porous element include titanium, 
stainless steels, cobalt/chromium alloys, tantalum, titanium-nickel alloys such as Nitinol 
and other superelastic metal alloys. Reference is made to Itin, et al., “Mechanical 
Properties and Shape Memory of Porous Nitinol,” Materials Characterization [32] pp. 
179-187 (1994); Bobyn, et al., “Bone Ingrowth Kinetics and Interface Mechanics of a 
Porous Tantalum Implant Material,” Transactions of the 43rd Annual Meeting, Orthopaedic 
Research Society, p. 758, February 9-13, 1997 San Francisco, CA; and to Pederson, et al., 
“Finite Element Characterization of a Porous Tantalum Material for Treatment of 
Avascular Necrosis,” Transactions of the 43rd Annual Meeting, Orthopaedic Research 
Society, p. 598 February 9-13, 1997. San Francisco, CA, the teachings of all of which are 
incorporated by reference. 

[0046] In a preferred embodiment, the framework structure is formed such that 
the interstices themselves, on average, are wider than are the thicknesses of the struts which 
separate neighboring interstices. The framework is essentially completely continuous and 
self interconnected in three dimensions, and the interstitial portion is also essentially 
completely continuous and self interconnected in three dimensions. These two three 
dimensionally interconnected parts are intercolated with one another. This can be referred 
to as a 3-3 connectivity structure where the first number refers to the number of dimensions 
in which the framework is connected, and the second number refers to the number of 
dimensions in which the interstitial portion is connected. The concept of connectivity is 
explained at greater length in Newnham et al. “Connectivity and Piezoelectric-Pyroelectric 
Composites,” Materials Research Bulletin, Vol. 13 pp. 525-536 (1978), the teachings of 
which are incorporated herein by reference. With the framework described according to 
this embodiment, the framework itself is given a 3 as it is connected in 3 dimensions, and 
the interstitial portion is treated likewise. The resulting structure is a reticulum or 
reticulated structure. In contrast, partially sintered assemblages of powders invariably 
contain isolated pores which are not connected to all other pores. A material with all 

isolated (that is, dead end) pores in a dense matrix would have 3-0 connectivity. A material 
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having pores that pass completely through the matrix in one dimension would yield 3-1 
connectivity , and a material having pores that interconnect two perpendicular faces but not 
the third would have 3-2 connectivity. 

[0047] In a preferred embodiment, particularly for medical applications, the sizes 
5 of the interstices formed by the framework preferably are at least about 50 pm and 
preferably are on the order of 200 pm to about 600 pm. It is preferred that there be 
substantially no interstices less than 50 pm. In general, it is believed that in order to 
adequately support the growth of bone into the interstices, they must be capable of 
accommodating the passage of tissue having transverse dimensions of at least about 50 pm. 
0 Conceptually, it is convenient to think of a 50 pm interstice in materials of the invention as 
being capable of accommodating the passage through it of a “worm” having a round cross 
section and a transverse diameter of 50 pm. Put another way, a 50 pm interstice should 
enable passage through it of a sphere having a 50 pm diameter or smaller. 

[0048] For medical applications, osteoconductive and osteoinductive materials can 
5 be included with both the porous and dense elements. The osteoconductive and 
osteoinductive materials that are appropriate for use in the present invention are 
biologically acceptable and include such osteoconductive materials as collagen and the 
various forms of calcium phosphates including hydroxyapatite; tricalcium phosphate; and 
fluoroapatite, bioactive glasses, osteoconductive cements, and compositions containing 
0 calcium sulfate or calcium carbonate, and such osteoinductive substances as: bone 

morphogenetic proteins (e.g., rhBMP-2); demineralized bone matrix; transforming growth 
factors (e.g., TGF-P); osteoblast cells, and various other organic species known to induce 
bone formation. Osteoinductive materials such as BMP may be applied to the combination 
dense/porous structure or the dense and/or porous elements individually, for example, by 
5 immersing the article in an aqueous solution of this material in a dilute suspension of type I 
collagen. Osteoinductive materials such as TGF-p may be applied to the combination 
dense/porous structure or the dense and/or porous elements individually from a solution 
containing an effective concentration of TGF-p. Cells capable of inducing bone formation 
such as osteoblasts, osteoblast precursors, mesenchymal stem cells, or marrow-derived 
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stems cells may be suspended in an appropriate matrix such as a collagen gel and infiltrated 
into the interstices of the porous ceramic element of the article by means known in the art. 
Cells may also be cultured directly onto the surface(s) of the combination dense/porous 
structure or the dense and/or porous elements individually. Genetic material capable of 
inducing cells for forming bone may be applied to the porous element prior to implantation, 
directly applying a vector, such as an adenovirus, containing the genetic material to the 
combination dense/porous structure or the dense and/or porous elements individually with 
the intention of transfecting cells at the site of implantation. Alternatively, an appropriate 
cell type or types may be removed from the body, transfected ex-vivo and the cells applied 
to the combination dense/porous structure or the dense and/or porous elements individually 
prior to implantation. 

[0049] Examples of these types of porous elements are described in U.S. Patent 
Nos. 6,136,029 and 6,296,667, owned by the assignee of the present application and 
incorporated by reference in their entirety. 

[0050] The porous element can be formed by methods known in the art. For 
example, in one preferred embodiment, a slip of ceramic material is made by comb ining a 
ceramic powder such as alumina with an organic binder and a solvent, such as water to 
form a dispersion or slip. The slip can also include other conventional additives such as 
dispersants, surfactants and defoamers. The strut surfaces of an organic reticulated foam 
such as one of the various commercially available foams made of polyurethane, polyester, 
polyether, or the like are wetted and coated with the ceramic slip. The reticulated material 
may be immersed in the slip, and then removed and drained to remove excess slip. If 
desired, further excess slip can be removed by any of a variety of methods including 
passing the material between a pair of closely spaced rollers or by impacting the material 
with a jet of air. Varying the slip concentration, viscosity, and surface tension provides 
control over the amount of slip that is retained on the foam strut surfaces. Wetting agents 
and viscosity control agents also may be used for this purpose. A wide variety of 
reticulated, open cell materials can be employed, including natural and synthetic materials 
and woven and non-woven materials, it being necessary in this embodiment only that the 

open cell material enables ceramic slip material to penetrate substantially fully through the 
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interstices in the structure. According to a preferred aspect of making the porous element, 
a porous element can be provided that has one or more of: a greater degree of openness and 
connectedness than is possible with known methods; very fine porosities greater than those 
possible with known methods; and multiple layers of the same or different material. This is 
5 made possible by a multiple coating method with drying between each coating, such as 
described in copending application Serial No. 09/440,144, filed November 15, 1999 
entitled “Process For Producing Rigid Reticulated Articles”, incorporated herein by 
reference. Specifically, after the coated substrate is dried after the first contacting with the 
dispersion, the coated substrate is then contacted with a second dispersion which can be the 
0 same or a different composition. After contacting with the second dispersion, the excess 
second dispersion is then removed and the coated substrate is dried as described above. 

This can be repeated with additional coatings of dispersions. What then results is a 
substrate having greater than one, and preferably 2 to 6 coatings. The use of multiple 
coatings is made possible by the use of the process described in Serial No. 09/440,144. 

5 [0051] Once the reticular struts are coated with slip, the slip solvent is removed 

by drying, accompanied desirably by mild heating to form the green porous element. At 
this point, the green porous element can be used in its green state in the formation of the 
dense/porous structure. Alternatively, if the porous element is to be joined with a sintered 
dense element, as described more fully below, the porous element is first sintered by 
0 raising it to sintering temperatures at which the ceramic particles sinter to one another to 
form a rigid, light framework structure that mimics the configuration of the reticular struts. 
Before reaching sintering temperatures, the slip-treated reticulated, open cell material 
desirably is held at a temperature at which the organic material pyrolyzes or burns away, 
leaving behind an incompletely sintered ceramic framework structure which then is raised 
5 to the appropriate sintering temperature. 

[0052] Pyrolyzing or oxidizing temperatures for most organics are in the range of 
about 200°C to about 600°C. Sintering temperatures for most ceramics of relevance to this 
invention are in the range of about 1100°C to about 1600°C, and preferred sintering 
temperatures for metals are in the range of about 800 to about 1400°C in a controlled 

) atmosphere or in vacuum to prevent metals from oxidation. 
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[0053] Metals can be formed into frameworks, preferably hard, strong, 
continuous, and supportive, by a variety of manufacturing procedures including combustion 
synthesis, plating onto a “foam” substrate, chemical vapor deposition (see U.S. patent 
5,282,861), lost mold techniques (see U.S. patent 3,616,841), foaming molten metal (see 
U.S. patents 5,281,251, 3,816,952 and 3,790,365) and replication of reticulated polymeric 
foams with a slurry of metal powder as described for ceramic powders. 

[0054] The dense element of the combination dense/porous structure is a ceramic 
or metal and has a minimum sintered density of at least 95%, preferably 97% or 98%. 
Suitable materials can be of the same or different from the porous element. A preferred 
material is a bio-inert ceramic such as zirconia or alumina or a bioactive ceramic such as 
hydroxyapatite or tricalcium phosphate. 

[0055] The dense element can be formed separately from the porous element and 
subsequently joined according to one aspect of the invention described in greater depth 
below. According to another aspect of the invention, the dense element is formed 
integrally with an already formed green porous element also described more in-depth 
below. In either case, when the material is a ceramic, the dense element is formed from a 
ceramic dispersion, such as a feedstock in injection molding or a ceramic slip for other 
applications such as slip casting formed into the desired shape and subsequently sintered 
according to methods known in the art. 

[005<0 The combination dense/porous structure also includes an interconnection 
zone that is defined as a portion of the combination that includes the interstices of at least a 
portion of the porous element being substantially filled, preferably completely filled with a 
material that also contacts at least a portion of the dense element. Preferably, the 
interconnection zone results from penetration of a fluent material (which material may be 
formed from the same or different material of the dense or porous element) into the porous 
element and contacting the dense element with the fluent material such that a strong bond is 
formed between the dense and porous element. As indicated above, the material that fills 
the interstices of at least a portion of the porous element can be the same or different from 
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the material of the porous element or the dense element. In a preferred embodiment, the 
material is a ceramic and is the same as the dense element. 

[0057] The processes of the present invention provide the ability to make custom 
dense/porous structures, preferably ceramic components requiring a multiplex structure 
5 having porous and dense elements, preferably with a uniform, consistent material make-up. 
Both the porous and dense elements are bonded together through the interconnection zone. 

[0058] The formed combination dense/porous structure is useful in many 
applications, such as bone substitutes. In particular, one useful application is where a 
porous structure alone is insufficient to withstand physiological loading but host tissue in- 
0 growth is desired. For example, a dense/porous ceramic construct could be designed for 
use in spinal fusion such that the dense elements bear the weight of the spinal column while 
the porous elements encourage bone to grow through the implant by osteoconduction, 
ultimately forming a bony bridge across the vertebra. 

[0059] The dense portion also has the added advantage of confining the 
5 physiologically active agent that may be added to the porous portion as described above and 
releasing it in only preferred direction(s). By providing such directional control, bone 
growth occurs only in desired areas. 

[0060] Other applications, described more fully below in connection with another 
aspect of the invention, include applications in which it is desired to mimic the structure of 
0 a bone that has both cortical (dense) and cancellous (porous) elements. For example, in a 
case in which a segment of a long bone is removed because of trauma or disease, the entire 
segment could be replaced by a dense/porous cylindrical object with a dense periphery to 
engage the cortical bone and bear the majority of the load while a porous center would 
contact the cancellous bone and bone marrow at either end. This would have the further 
5 advantage of encouraging host bone formation through the porous center of the implant, 
locking the implant into place and restoring blood flow through the center of the bone. 
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[0061] Another application would be in maxillofacial surgery in which restoration 
of contour is as important as restoration of function. In this case, the dense surface of a 
dense/porous combination structure could be formed in such a manner as to restore the 
contour of a bone, e.g., a portion of the facial skeleton following removal for tr auma or 
disease, while a porous backing could encourage host bone in-growth, thereby integrating 
the combination into the host bone structure. In such an application, it may be preferred to 
use a bio-inert material for the dense portion, such as alumina or zirconia, to prevent the 
dense portion from being resorbed by natural bone, and the resulting natural bone being 
somewhat misshapen. 

[0062] One method for producing the combination dense/porous structure 
described above, is to first provide a porous element in a green state. A first dispersion is 
made of a ceramic or metal powder, a binder and other optional known additives to form a 
feedstock for injection molding, or of a ceramic or metal powder, a binder, a solvent and 
optionally other known additives to form a slip for casting techniques. The dispersion is 
contacted with the porous element whereby the dispersion at least partially penetrates into at 
least a portion of the porous element to form an interconnection zone. The dense element is 
formed from the dispersion and adjacent to the interconnection zone to form a dense/porous 
structure. This structure is dried to form a green dense/porous structure. Sintering is then 
effected to form the combination dense/porous structure. 

[0063] According to one preferred method, the combination dense porous 
structure can be formed by loading a green porous element into a mold, closing the mold, 
and injecting a feedstock into the mold to infiltrate, surround, or otherwise mate with the 
porous element in a process similar to insert molding to form the dense/porous structure 
that has the interconnection zone. Specifically, a green porous element is first produced as 
described above, such as from a foam. If not already shaped, the green ceramic foam may 
be shaped, such as by cutting. The shaped foam is then placed into the die (also called the 
“tool”) of an injection molding machine. A ceramic feedstock, which will form the dense 
ceramic, is then injected into the tool. The feedstock is forced into the green ceramic foam 
as the cavity pressure rises, which forces the feedstock into the green porous body to form 

the interconnection zone. The feedstock in the cavity that is not forced into the green 
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ceramic foam forms the green dense element, whose dimensions are formed by the tool and 
the green ceramic foam, to form a dense/porous structure. After removal of the green 
dense/porous combination from the tool, the green dense/porous structure is optionally 
debound, such as by heating or chemically, such as by a solvent. Sintering is then effected. 
The temperature for sintering is preferably in the range of about 1100°C to about 1600°C 
for ceramics, and preferably in the range of about 800 to about 1400°C for metals. In a 
preferred embodiment, at least one of the dimensions of the mold is larger than the porous 
element. This allows for formation of the dense element, without necessarily having to 
compress the porous element. Figures 1 and 2 show dense/porous structures that have been 
formed according to the injection molding embodiment of the present invention. 

[0064] In one embodiment of the injection molding aspect of the present 
invention, the green ceramic foam compresses as cavity pressure rises. In this 
embodiment, the tool can have the same dimensions of the foam. This causes the foam 
portion to take up a smaller portion of the tool, and the dense portion to take up a larger 
portion of the tool. Upon debinding of the green dense/porous combination after it has 
been removed from the tool, the porous portion is restored to substantially its orig inal 
dimensions and thus results in at least one dimension of the combination being larger than 
the corresponding dimension of the tool. This novel aspect can be very useful in that a 
smaller (and less expensive tool) can be used to make a larger combination dense/porous 
structure. See Figures 2 and 4 showing elements where the porous element has been 
compressed during injection molding. 

[0065] If compression is not desired, such as in cases where compression would 
result in detrimental permanent distortion of the porous structure of the porous element, the 
interstices of the green porous element can first be filled with a hardenable and removable 
material such as a wax. The presence of the material, such as wax, in at least part of the 
porous element prevents compression of the element and thus modification of the porous 
structure. After injection, the material is removed by methods known in the art, such as 
heat or solvent. Debinding and sintering may then be carried out in the normal fashion. 

The result is a combination dense/porous structure with dimensions that correspond to the 

interior of the tool used to produce the structure. 
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[0066] Another preferred embodiment provides for channels within the 
tool/porous structure to accommodate the feedstock flow front as the tool cavity is being 
filled. The channels can be entirely in the green porous structure, or alternatively can be 
bounded by a combination of the green porous element and the tool. In this embodiment, 
as the feedstock is injected into the tool, the feedstock will form a flow front that fills the 
tool. The feedstock flow front can be directed into the channels to transfer feedstock from 
the area of injection to another area of the tool. This results in being able to change the 
position of the dense and porous elements within the tool. Also, channeling some of the 
feedstock away from the injection site, reduces the compression of the dense element in that 
section, which may be preferred in some embodiments. Figure 3 shows dense/porous 
structures where channels have been formed in the green porous element. 

[0067] According to another aspect of making the combination dense/porous 
structure, the green dense element is formed by a slip casting method. Specifically, a slip 
of a ceramic or metal is produced according to the method described above. The slip is 
poured into an open topped mold. Prior to the slip completely solidifying, a green porous 
ceramic element is placed into the slip, allowing the slip to partially or completely penetrate 
a portion of the porous element to form a dense/porous structure. The dense/porous 
structure is then dried and sintered to form the combination dense/porous structure. 

[0068] Preferably, the mold is a porous mold that allows the liquid of the slip to 
be removed through capillary action. The mold has a cavity or an impression of the desired 
shape to form a ceramic shell. The liquid vehicle in the slip inside the mold is gradually 
removed through the capillary action of the pores of the plaster mold. A shell having the 
dimensions of the cavity or the impression begins to build up through this process, forming 
the green dense element. The dimensions such as thickness of the dense element can be 
controlled by topping the amount of slip in the mold over a time period. This is known in 
the field of fabricating ceramic components by slip casting technique for making dense 
ceramic articles such as sanitary ceramic ware. Once the desired dimensions (e.g., 
thickness) of the dense element are obtained, excessive slip may be drained. The dense 
element remains inside the mold having a wet surface exposed. Alternatively, if the dense 

element is allowed to dry, additional slip can be provided to re-wet the surface of the dense 
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element that will contact the porous element. A green porous ceramic element is then 
seated and attached onto the still wet surface of the dense element. Preferably, the 
dense/porous structure is kept inside the mold allowing the residual moisture slowly to dry 
in a controlled manner. Due to the drying shrinkage, the dense/porous structure is readily 
5 separated from the mold and removed from the mold. Sintering can be carried out as 
described above. 

[0069] This slip casting embodiment provides a way of makin g custom 
dense/porous structures, preferably ceramic components requiring a multiplex structure 
having porous and dense elements. In this embodiment, the multiplex structure article can 
0 be produced at an especially reasonable cost. Intriguing features and shapes can be made 
by a sophisticated mold making craft. Figure 6 shows a dense/porous structure made 
according to this aspect of the invention. 

[0070] According to another aspect of making the combination dense/porous 
structure, the green dense element is formed by coating a slip onto at least a portion of one 
5 surface of the green porous element. The coating can be effected by methods known in the 
art such as spraying or painting with a brush. A sufficiently thick coating is applied to the 
surface of the porous element, such as by coating or painting several layers of slip onto the 
green porous element. After the desired thickness is reached, the slip forming the dense 
element is sufficiently dried and the green dense/porous combination is sintered. The result 
0 is a dense layer surrounding all or part of the porous element. This is particularly useful in 
applications where a thin dense layer surrounding the porous element is desired, such as in 
delivery system applications, preferably sustained release, for physiologically active agents 
as described more fully below. Another advantage over other methods is greater control 
over the application of the slurry on the green porous element. That is, portions of the 
5 porous element can be selectively coated, particularly if the slip is being applied by a brush. 
This method can be combined with other methods, such as slip casting to also provide more 
flexibility regarding where the dense element is joined with porous element. Figure 7 
shows a dense/porous structure made according to this aspect of the invention. 
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[0071] According to another aspect of making the combination dense/porous 
structure, a sintered porous element is first prepared such as described above. A metal or 
ceramic dense sintered element is prepared separately. The sintered dense element and the 
sintered porous element are then joined using a bonding phase to form the interconnection 
zone. The bonding phase can include glass, ceramic, salts, inorganic polymers, organic 
polymers, metals, etc. In a preferred embodiment, a first dispersion of a ceramic or metal 
powder, a binder, and a solvent is combined to form a slip. The slip is applied to at least 
one surface of the dense or porous element, where the dense and porous elements are to be 
joined. A sufficient amount of slip is provided to allow the slip to penetrate into the porous 
element. The elements are joined and dried, forming a dense/porous structure having a 
green interconnection zone. The dense/porous structure is then subjected to heat for the 
bonding phase to develop sufficient strength to join the elements. Localized heating can be 
applied only to the bonding phase of the green interconnection zone to achieve such 
bonding strength using a laser beam and including other methods known in the art of 
material joining. A significant advantage of this method over prior art methods that 
typically join dense and porous elements in their green state is that stresses and defects that 
occur due to differential shrinkage during sintering are avoided. One application of this 
method is where a dense element and a porous element are fit together with a coating of slip 
between the dense and porous element. An example of a part produced using this process 
would have pillars of dense ceramic embedded in a block of porous ceramic. Another 
example is a thin walled cylinder of dense ceramic surrounding a central core of porous 
ceramic. 

[0072] To control or limit the penetration of the material forming the dense 
element into the porous element, or to control the penetration of the bonding phase material 
or slip used to combine sintered dense and porous elements into the porous element, a 
component that fills part or all of the porosity of the porous element may be used. 

Subsequent to combining these elements, this component may removed from the porous 
element by mechanical, thermal, non-aqueous solvent, water, catalytic, sublimation, 
enzymatic, acid, base or other means of destruction or combinations thereof which 
destructively disengages the additional component without substantially damaging the 
dense/porous structure while restoring the porous nature of the porous portion of the 
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dense/porous combination. “Substantially without damaging the molded object” is defined 
as the dense/porous combination not being degraded mechanically and preferably having no 
more than minor cosmetic surface flaws, e.g., scratches. Preferably the object has no 
surface flaws. Examples of a third component include but are not limited to glass, 

5 ceramics, salts, inorganic polymers, organic polymers, metals, etc. This component can 
include the hardenable material described above to prevent compression during injection 
molding. Likewise, the hardenable material can include the materials of this component. 

[0073] According to another aspect of the invention, there has been provided a 
combination dense/porous structure useful as a bone substitute. Prior to the present 
0 invention, bone substitutes were typically used only to replace relatively small sections of a 
bone and were generally not weight bearing. However, a dense/porous combination makes 
it possible to include within the bone substitute a structure that is analogous to natural bone. 
In one embodiment, the bone substitute includes the combination dense/porous structure 
described above. Preferably, the porous element of the combination dense/porous structure 
5 mimics the cancellous structure of natural bone and the dense element mimics the cortical 
structure of the bone 

[0074] In another embodiment, the bone substitute has a shape that substantially 
corresponds to an entire cross-section of bone. In addition, the bone substitute may also 
have another dimension such as a length that substantially corresponds to the length of the 
0 natural bone it is replacing. In a preferred embodiment, the bone being replaced is a “long 

bone,” which term in known in the art. Particularly, a long bone is a bone such as a femur 
or tibia, that includes a freely movable or slightly movable joint at one or both ends. 

[0075] Figure 8a describes one embodiment of the invention in which a segment 
of the diaphysis 10 of the femur 20 is replaced by an artificial bone structure 11 containing 
5 dense 12 and porous 13 elements that substantially correspond to the cortical and cancellous 

bone elements that are being removed. This embodiment is particularly useful in situations 
where a segment of bone is irreparably damaged due to traumatic injury, infection, tumor, 
or other disease. This invention may also be used similarly to replace a segment of the 
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metaphysis 14 of a bone, for example, in the correction of an angular deformity of the tibia 
15 as illustrated in Figure 8b with artificial bone structure 15. These examples are non- 
inclusive and only illustrate representative applications of the invention. 

[0076] The artificial bone structure of this invention may also be used to 
substantially replace a bone in its entirety. This would be particularly appropriate in the 
smaller bones of the extremities particularly the carpal, metacarpal, phalangeal, tarsal, and 
metatarsal bones as illustrated in Figures 9a-9c, the vertebral bodies, and the bones of the 
facial skeleton. However, the invention is scalable and one skilled in the art could apply the 
invention to the replacement of larger bones. 

[0077] The artificial bone structure includes an inner porous portion formed from 
a porous element to mimic the cancellous structure of bone. This porous element may be 
the same or different from the porous element described above with respect to the 
combination dense/porous structures. Preferably, the porous element is the same as the 
porous element described above. An outer dense portion completely surrounding the inner 
porous portion formed from a dense element to mimic the cortical structure of bone. This 
dense element may be the same or different from the dense element described above with 
respect to the combination dense/porous structures. Figure lOf shows an example of this 
embodiment and Figure 12c shows an artificial bone structure having a structure similar to 
Figure lOf. 

[0078] In another embodiment, an artificial bone structure may be created in 
which the dense element(s) 30 are surrounded by the porous element 31. This embodiment 
may be useful, for example, in fusing two adjacent bone segments together as illustrated in 
Figures lOa-e and Figure lOg. For example, a degenerated 35 joint may be excised and an 
artificial bone structure 36 interposed between the remaining bone segments in order to 
facilitate bone ingrowth through the artificial bone structure and fusion of the bone 
segments. The inner dense element(s) are used to bear part of the load during the healing 
phase and may extend longitudinally beyond the surrounding porous element in order to 
stabilize the construct in situ. 
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[0079] In the embodiment shown in Figure lOg, the dense element is located 
centrally. It occupies the full width of the bulk volume of the artificial bone structure at the 
two ends and tapers gradually to a smaller width near the center of the implant. The one or 
both ends of the dense element contain holes 37 that are exposed to the adjacent tissue. The 
porous element surrounds the dense element and is joined to it by means of an 
interconnection zone. The porous element is exposed to the surrounding tissue on the sides 
of the structure and is further exposed to the tissues at the end(s) of the structure through 
the holes. 

[0080] In a similar embodiment, an artificial bone structure (40, Figures 12a, b 
and d) may be created in which the dense element(s) 41 are surrounded by the porous 
element in order to facilitate the fusion of two vertebrae in the spinal column as illustrated 
in Figure 11. In this embodiment, the inner dense element(s) bear part of the load through 
the spinal column while the surrounding porous element 42 facilitates bone ingrowth 
through the artificial bone structure and fusion of the vertebrae. One or more of the inner 
dense elements(s) may extend longitudinally beyond the surrounding porous element in 
order to stabilize the construct in situ. The embodiment shown in Figure 12d is similar to 
that shown in Figure lOg. 

[0081] In another embodiment, an artificial bone structure (Figure 12e) may be 
created in which the dense element(s) partially surround the porous element in order to 
facilitate the fusion of two vertebrae, particularly in the cervical region of the spinal 
column. In this embodiment, the dense element(s) bear part of the load through the spinal 
column while the porous element facilitates bone ingrowth through the artificial bone 
structure and fusion of the vertebrae. In another embodiment (50, Figure 13), an artificial 
bone structure may be created in which the dense element surrounds the porous element and 
contains holes that expose the porous element to the outer surface of the dense element. 

This will encourage bone ingrowth in three dimensions into the artificial bone structure. In 
one embodiment illustrated in Figure 13, the dense element 51 is substantially cylindrical 
with holes 53 oriented perpendicular to the longitudinal axis of cylinder. The inner porous 
element 52 is exposed at the longitudinal ends of the cylinder and through the holes. In this 

embodiment, the artificial bone structure may be placed between two vertebrae with the 
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longitudinal axis of the cylinder oriented in the transverse anatomic plane and the holes in 
contact with the vertebrae in order to facilitate bone ingrowth through the porous element, 
thereby fusing the vertebrae, while the dense element supports the weight of the spinal 
column. 

5 [0082] In a further embodiment, an artificial bone structure (Figure 14a, b) may 

be created in which the dense element(s) partially or completely surround the porous 
element and the dense element(s) are used to stabilize the porous element. In this 
embodiment, the dense element may be designed in such as way as to fix itself to the 
surrounding structures, e.g., by means of spikes, or the dense element may be designed to 
10 accept a third component, e.g., a screw, to fix the dense element to the surrounding 
structures, thereby fixing the porous element in place and facilitating bone ingrowth 
through the artificial bone structure. 

[0083] Another aspect of the invention provides a delivery system, such as for a 
physiologically active agent, preferably a sustained release delivery system. In this aspect 
15 of the invention, the porous element contains the physiologically active agent, and the dense 
element surrounds at least a portion of the porous element. Physiologically active agents 
may include but are not limited to autologous cells, exogenous cells, chemical signals 
(including growth factors), genetic material, or naturally derived or synthetically produced 
pharmaceuticals and combinations thereof. These agents may also include substances such 
!0 as bone marrow, blood, plasma, demineralized bone matrix, or morsellized bone of the 
patient or from a suitable donor. The bone marrow, blood, plasma, demineralized bone 
matrix, or morsellized bone may have been minimally processed before being introduced 
into the porous element of the invention or it may have been significantly modified while 
outside the body, for example, by filtering, heating, or sterilizing. In a preferred 
:5 embodiment, the agent is an osteoinductive material, which may include but is not limited 
to bone morphogenetic protein, members of the Transforming Growth Factor Beta super- 
family of molecules, osteoblast cells, mesenchymal stem cells, or various other organic 
species known to induce bone formation. In a most preferred embodiment, the agent is 
recombinant human Bone Morphogenetic Protein-4 (rhBMP-4). 
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[0084] Due to the interconnected interstices of the porous element, the 
physiologically active agent is able to be loaded into the system at a therapeutically 
effective amount, preferably to be released over an extended period of time, on the order of 
24 hours, more preferably 2 days, more preferably 5 days, 7 days, 2 weeks, one month, or 
5 even longer. The dense and porous elements are preferably made from a ceramic. In 
another preferred embodiment, the dense and porous elements are the combination 
dense/porous structure described above. 

[0085] The delivery system can be implanted in an suitable area of the body, as 
long as the active agent, when released, is able to be delivered, such as by the blood 
10 stream, to the area of the body in need of the active agent. Preferred areas of implantation 
would include bone, subcutaneous, and intramuscular sites. In some embodiments, it 
would not be necessary to even implant the delivery system. For example, a patient could 
swallow or have the delivery system delivered to the stomach orally. Likewise, the 
delivery system could be delivered as a suppository. 

15 [0086] In one preferred embodiment, the delivery of the active agent from the 

delivery device is controlled by the amount of dense element that surrounds the porous 
element. In another preferred embodiment, the dense element is a bioresorbable material 
and the delivery of the active agent from the porous element is controlled by the dissolution 
of the dense element. In another preferred embodiment, the direction of release of the 
10 physiologically active agent can be controlled by the placement of the dense element in a 
similar manner as described above with respect to the release of the physiologically active 
agent. For example, delivering an osteoinductive agent, such as BMP, when the 
combination dense/porous structure is being used as a bone substitute. 

[0087] The delivery device can be prepared by any of the methods described 
!5 herein, in addition to any other suitable method. An especially preferred method for 
making the delivery system is by coating the green porous element with the slip that will 
form the dense element as described above. 
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[0088] The present invention may be more easily understood by reference to the 
following non-limiting examples: 



Example 1 

[0089] Tricalcium Phosphate (TCP) feedstock was prepared by combining the 
5 following ingredients: 

Polypropylene: '48.47 grams 
Polyethylene: 17.23 grams 
Paraffin wax: 37.7 grams 
Stearic acid: 5.09 grams 
0 TCP powder: 586 grams 

[0090] A bar tool was used to mold the TCP. The tool cavity measured 0. 1905” 
by 0. 14” by 2.35” long. Green TCP porous elements were cut into blocks that were 
0.1905” by 0.14” with lengths from 25% to 85% of cavity length. TCP feedstock was 
used for the dense portion. 

5 . [0091] After a stable cycle was created on the injection molding machine, one 

block per cycle was placed in the cavity prior to filling the tool with the TCP feedstock. 
Different locations for porous material placement were carried out with particularly good 
results occurring in the samples where the material was placed at the last point to fill. This 
resulted in the material meeting and integrating across the bar’s smaller dimensions. 

0 [0092] In some cycles, unaltered green porous material was used. In other 

instances, a wax was introduced into the porous structure to fill the interstices prior to 
placement into the tool. The wax was used to reduce the compressibility of the porous 
material during the filling of the tool with dense material. Other substances, such as salt, 
could be substituted for the wax. 
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[0093] When the molded articles were removed from the tool the green porous 
ceramic had compressed to approximately 25% of its original length. See Figure 5. The 
green porous ceramic, which had been infiltrated with wax, compressed significantly less. 

[0094] The parts were then placed in a solvent to remove the wax content of the 
molded article. During this process, the porous ceramic portion of the molded article was 
substantially restored to its original shape and size. See Figure 2. The parts were then 
sintered as normal resulting in the finished articles pictured as shown in Figure 4. In 
another example, a disc shape cavity was used for a tool. It measured 0.25” thick by 0.5” 
diameter. 

[0095] Green porous foam was cut to match the diameter with thicknesses 
approximately one-third of and equal to the full cavity thickness. The green porous 
material as well as the feedstock were both comprised of alumina from the following . 
composition: 

Polypropylene: 48.47 grams 
Polyethylene: 17.23 grams 
Paraffin wax: 37.7 grams 
Stearic acid: 5.09 grams 
Alumina powder: 586 grams. 

[0096] In the porous foam whose thickness matched the cavity thickness, a 
channel was cut 0.25” thick by 0.25” deep across the face of the diameter. This took 
advantage of the fill pattern of the tool by allowing the flow front of the feedstock to fill 
the channel first then filling the thickness second causing the porous material to be 
compressed uniformly across it’s thickness, as shown in Figure 1. As in the prior example, 
the foam compressed to approximately 25% of its original thickness and restored its 
original shape during solvent debind. See Figure 3. 
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[0097] A combination dense/porous structure of ceramic materials was made as 
follows: A ceramic slip was created using 58% hydroxyapatite powder, 17% water, 22.5% 
acrylic binder, 2% dispersant, 0.4% surfactant, and 0.4% defoamer, based on the entire 
weight of the slip. The slip was then used to coat a reticulated foam structure. Excess slip 
5 was then removed to allow only the struts of the foam to be coated and to allow an 

interconnected structure. The same slip was then used to “paint” the desired surfaces of 
the foam. Several coats were used to build up the required thickness. After drying the 
samples were sintered to remove the organic material and density the ceramic. 

Example 3 

0 [0098] A reticulated porous element was prepared as mentioned above. 

Rather than coat the edges, the green reticulated porous element is then fired to density the 
ceramic. At the same time, a dense element is prepared by a preferred method, this may be 
by injection molding, slip casting, etc. After the two pieces are both densified they are 
combined with a bonding phase. The material(s) of this bonding phase may be another 
5 ceramic slip, glass, etc. This phase is used to treat the appropriate surfaces to be bonded 
and is then cured using a secondary sintering or other curing processes. 

Example 4 

[0099] A batch of slip was prepared by mixing 58% hydroxyapatite powder, 17% 
water, 22.5% acrylic binder, 2% dispersant, 0.4% surfactant, and 0.4% defoamer, based 
0 on the entire weight of the slip. Polyurethane foam was used as a precursor to fabricate the 
portion of porous structure. The green porous element was then prepared as described 
above. 

[0100] The same slip was poured into a plaster mold having a two-inch square 
cavity with a 0.5 inch depth. After 15 minutes excessive slip was drained out. A dried 
5 porous element having dimensions of 2 inches square by 0.5 inches thick was inserted into 
the same plaster mold. A light pressure was applied to the top surface to ensure that the 
residual slip penetrates into the porous element where the slip cast green dense element in 
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contact with the porous element to form an interconnection zone. The combination of the 
green dense/porous structure was left in the plaster mold dried for at least two hours. 

[0101] The dried combination of dense/porous structure was then placed in a kiln 
to bum out the binder and polymer precursor, subsequently sintered at a temperature of 
5 1300°C to density the combination dense/porous structure. 

[0102] The following example describes delivery of rhBMP-4 from a porous 
ceramic carrier. This experiment did not use a dense-porous structure but is included for 
illustrative purposes only to show how the physiologically active agent can be introduced 
into the porous element and can be delivered in vivo. The mechanism of action described in 
'•0 this example is identical to that which would be expected using a combination dense/porous 
structure. 

Example 5 

[0103] Reticulated porous elements were prepared as described in Example 4 from 
tricalcium phosphate (TCP) and hydroxyapatite (HA). Implants were cut into discs while 
5 in the green state following drying. The coated foams were sintered between 1200 and 
1550°C for 2 to 10 hours, depending on the composition. The sintered discs had a 
diameter of 8.5 mm and a thickness of 2 mm. Implants were placed subcutaneously in 28- 
35 day old Long-Evans rats. The implants were either implanted alone (control) or with a 
dose of 3 /xg of rhBMP-4 (R&D Systems, Minneapolis, MN) reconstituted in sterile saline 
0 adsorbed into the porous ceramic. The implants were air-dried in a hood prior to 
implantation. 

[0104] The animals were sacrificed at 1 1 and 21 days and the concentration of 
alkaline phosphatase, a biochemical marker for new bone formation was measured. A 
limited number of implants were reserved for histology and fixed in formalin, 

5 demineralized, and sections cut and stained with 0. 1 % toluidine blue. 
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[0105] Porous ceramic implants alone in this heterotopic subcutaneous site were 
not as osteogenic at these time points. However, when combined with 3 ng of rhBMP-4, 
the HA and TCP implants were significantly more osteogenic. The osteogenic effect 
observed with HA + BMP implants was maximal on Day 11, then declined by Day 21, 

5 although it remained higher than in control HA implants. The osteogenic effect with 
TCP + BMP implants was elevated on both Day 11 and Day 21 with no significant change 
in activity level, indicating a sustained osteogenic response. All implants were well- 
tolerated and biocompatible, with vascularized soft tissue invading and filling the interstices 
of control implants. No significant evidence of new bone formation was found in implants 
0 without BMP in this particular model. In HA and TCP implants with BMP, new bone 

formation was found throughout the implant at Days 11 and 21, mirroring the biochemistry 
data. These data are summarized in Figure 15. 

[0106] While a number of preferred embodiments of the present invention have 
been described, it should be understood that various changes, adaptations and modifications 
5 may be made therein without departing from the spirit of the invention and the scope of the 
appended claims. As used herein and in the following claims, articles, such as “the,” “a” 
and “an” can connote singular or plural. 
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What Is Claimed is: 

1. A combination dense/porous structure, comprising: 

a porous element having an outer surface defining a shape having a bulk volume, the 
element comprising a continuous framework having struts defining a plurality of 
interconnecting interstices throughout the bulk volume, and said porous element having 
interconnecting interstices extending throughout said volume and openings through said 
surface; 

a ceramic or metal dense element formed from a material and having a sintered 
density of at least 95 % contacting at least a portion of the porous element; and 

an interconnection zone formed by the inter-penetration of the material forming the 
dense element into the porous element. 

2. A combination dense/porous structure according to claim 1, wherein the bulk 
volume has an inward facing surface and the dense portion contacts at least a portion of the 
inward facing surface. 

3. A combination dense/porous structure according to claim 1, wherein the 
porous and dense elements comprise a ceramic. 

4. A combination dense/porous structure according to claim 1 , wherein the 
porous element has a porosity of 80% or greater. 

5. A combination dense/porous structure according to claim 1, wherein the 
continuous framework having struts defining a plurality of interconnecting interstices have 
3-3 connectivity. 

6. A combination dense/porous structure according to claim 1, wherein the 
average interstices are wider than the thicknesses of the struts. 

7. A combination dense/porous structure according to claim 1 formed by a 
process comprising: 

providing a porous element in a green state; 
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providing a first dispersion of a ceramic or metal powder, a binder, and a solvent to 
form a slip; 

contacting a slip with a least a portion of the porous element whereby the slip at 
least partially penetrates into at least a portion of the porous element to form an 
interconnection zone and a dense element adjacent to the interconnection zone; 

sintering the combination dense/porous structure. 

8. A combination dense/porous structure according to claim 7, wherein the 
porous and dense elements comprise a ceramic. 

9. A bone substitute material comprising a combination dense/porous structure 
according to claim 1. 

10. A method of generating bone to an area in need of bone comprising: 

providing the bone substitute material according to claim 9; 

positioning the porous element into the area in need of bone and adjacent to living 
bone to provide bone in-growth into the porous element; and 

stabilizing the porous element with the dense element. 

11. A method of generating bone according to claim 10, wherein the stabilizing 
comprises connecting the dense element to natural bone to anchor the bone substitute 
material. 

12. A process for producing a combination dense/porous structure according to 
claim 1 comprising: 

(a) providing a porous element in a green state; 

(b) providing a dispersion comprising a ceramic or metal powder and a binder; 

(c) contacting the dispersion with the porous element whereby the slip at least 
partially penetrates into at least a portion of the porous element to form an interconnection 
zone and a dense element formed from the dispersion and adjacent to the interconnection 
zone to form a combination dense/porous structure; 
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(d) solidifying the dense/porous structure to form a green combination 
dense/porous structure; and 

(e) sintering the green dense/porous structure to form the combination 
dense/porous structure. 

13. A process according to claim 12, wherein the process of providing the 
porous element in a green state comprises 

(a) providing a first dispersion comprising a ceramic or metal powder, a binder, 
and a solvent to form a slip; 

(b) providing a reticulated substrate which has open, interconnected porosity. 

(c) contacting the reticulated substrate with the slip to coat the substrate with the 
dispersion to form a first coating; 

(d) optionally applying subsequent multiple coatings of the same or different 
slip, and 

(e) drying the coated reticulated substrate to form the green porous element. 

14. An injection molding process for producing a combination dense/porous 
structure according to claim 1 comprising: 

(a) providing a porous element in a green state; 

(b) inserting the porous element into a mold; 

(c) providing a first dispersion comprising a ceramic or metal powder and a 
binder, form a feedstock; 

(d) injection molding the feedstock into the tool for a time and pressure 
sufficient to force the feedstock into at least a portion of the porous element to form a 
molded green dense/porous structure; 

(e) removing the molded green dense/porous structure from the tool; 

(f) debinding the molded structure; and 

(g) sintering the molded green combination dense/porous structure to form the 
combination dense/porous structure. 

15. A process according to claim 14, wherein the tool cavity has at least one 
dimension larger than a corresponding dimension of the porous element. 
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16. A process according to claim 14, wherein the step of injection molding the 
feedstock compresses the porous green element into a volume smaller than the 
uncompressed volume of the porous element, and the step of debinding the molded green 
dense/porous structure expands the porous green element, such that the sintered 
dense/porous structure has a dimension larger than a corresponding dimension of the tool 
cavity. 



17. A process according to claim 14, further comprising: 

filling at least a portion of the interstices of the green porous element with a material 
that maintains the shape of the green porous element during injection molding; and 

removing the material from the green porous element such that the dimensions of 
the green porous element remain substantially identical to the dimensions before injection 
molding. 

18. A process according to claim 17, wherein the material is a wax and the 
removal of the material from the green porous element comprises applying a solvent to the 
green porous element. 

19. A process according to claim 17, wherein the material is a polymer and the 

removal of the material from the green porous element comprises applying a solvent to the 
green porous element. I 

20. A process according to claim 17, wherein the material is a salt and the 
removal of the material from the green porous element comprises applying a solvent to the 
green porous element. 



21. A process according to claim 17, wherein the material is a wax and the 
removal of the material from the green porous element comprises applying heat to the green 
porous element. 
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22. A process according to claim 17, wherein the material is a polymer and the 
removal of the material from the green porous element comprises applying heat to the green 
porous element. 

23. A process according to claim 17, wherein the material is a salt and the 
removal of the material from the green porous element comprises applying heat to the green 
porous element. 

24. A process according to claim 14, wherein the porous element in a green state 
includes channels for accommodating the feedstock flow front as the tool cavity is filled. 

25. A slip casting process for producing a combination dense/porous structure 
according to claim 1, comprising: 

(a) providing a porous mold; 

(b) providing a first dispersion of a ceramic or metal powder, a binder, and a 
solvent to form a slip; 

(c) pouring the slip into the mold, whereby the solvent in the slip is removed 
through the mold by capillary action to form a green dense element; 

(d) optionally adding additional slip to adjust one or more dimensions of the 
dense element; 

(e) providing a green porous element; 

(g) contacting the green porous element with the dense green element while at 
least one surface of the dense element is wet with slip; 

(h) drying to form a green dense/porous structure; 

(i) removing the green dense/porous structure; and 

(j) sintering the dense/porous structure to form the combination dense/porous 
structure. 

26. A process according to claim 25, further comprising removing excess slip 
from the mold when a desired dimension is reached and wherein the wet slip on the at least 
one surface of the dense element is from the slip used to form the solid element. 
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27. A process according to claim 25, further comprising adding additional slip to 
retain minimum wet slip for providing an interconnection zone between the porous and 
dense element. 

28. A process for producing a combination dense/porous structure according to 
claim 1, comprising: 

(a) providing a porous element in a green state; 

(b) providing a first dispersion of a ceramic or metal powder, a binder, and a 
solvent to form a slip; 

(c) coating at least a portion of one surface of the porous element with the slip 
whereby the slip at least partially penetrates into at least a portion of the porous element to 
form the interconnection zone and a dense element is formed from the slip and adjacent to 
the interconnection zone to provide a dense/porous structure; 

(d) optionally adding further coats of slip to the porous element; 

(e) drying the combination dense/porous structure to form a green dense/porous 
structure; and 

(f) sintering the green dense/porous structure to form a combination 
dense/porous structure. 

29. A process according to claim 28, wherein the coating at least one surface 
comprises brushing the slip onto the at least one surface. 

30. A combination dense/porous structure useful as an artificial bone structure 
comprising an element having a shape of natural bone or a portion of natural bone and a 
cross-section that comprises the combination dense/porous structure according to claim 1 
having 

an inner porous portion formed from the porous element to mimic the cancellous 
structure of bone; and 

an outer dense portion completely surrounding the inner porous portion formed 
from the dense element to mimic the cortical structure of bone. 
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31. A combination dense/porous structure useful as an artificial bone structure as 
claimed in claim 30 in the shape of. a replacement for a segment of long bone. 

32. A combination dense/porous structure useful as an artificial bone structure as 
claimed in claim 30 in the shape of the metaphyseal or diaphyseal segment of a bone. 

33. A combination dense/porous structure useful as an artificial bone structure as 
claimed in claim 30 in the shape of an entire bone. 

34. A combination dense/porous structure useful as an artificial bone structure as 
claimed in Claim 30 in the shape of a vertebral body. 

35. A combination dense/porous structure useful as an artificial bone structure 
comprising the bone substitute material as claimed in claim 9, wherein the porous element 
mimics the cancellous structure of natural bone, and 

wherein the dense portion mimics the cortical structure of bone. 

36. A combination dense/porous structure useful as an artificial bone structure 
comprising the bone substitute material as claimed in claim 9, wherein one or more dense 
elements are surrounded by a porous element configured for use in fusing two adjacent 
bone segments together. 

37. A combination dense/porous structure useful as an artificial bone structure 
comprising the bone substitute material as claimed in claim 9, wherein one or more dense 
elements are surrounded by a porous element configured for use in the spinal column to 
achieve fusion of two adjacent vertebrae. 

38. A combination dense/porous structure useful as an artificial bone structure 
comprising the bone substitute material as claimed in claim 9, wherein a dense element 
surrounds a porous element and contains holes exposing the porous element to the outer 
surface of the dense element. 
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39. A combination dense/porous structure useful as an artificial bone structure 
comprising the bone substitute material as claimed in claim 9, wherein a cylindrical dense 
element surrounds a porous element and contains holes exposing the porous element to the 
outer surface of the dense element in a configuration suitable for use in the spinal column to 
achieve fusion of two adjacent vertebrae. 

40. A method of regenerating bone to an area in need of bone comprising: 
providing a bone substitute material having a dense element and a porous element; 
positioning the porous element into the area in need of bone and adjacent to living 

bone to provide bone in-growth into the porous element; and 
stabilizing the porous element with the dense element. 

41. A method of regenerating bone according to claim 40, wherein the 
stabilizing comprises connecting the dense element to natural bone to anchor the bone 
substitute material. 

42. A combination dense/porous structure useful as a sustained release delivery 
system comprising: 

a reticulated, porous element having an open interconnected porosity; and 
a dense, element surrounding at least a portion of the porous element, wherein at 
least one of the dense or porous element contains a physiologically active agent. 

43. A sustained release delivery system according to claim 42, wherein the 
porous element contains the physiologically active agent. 

44. A sustained release delivery system according to claim 42, wherein porous 
element has an outer surface defining a shape having a bulk volume, the element 
comprising a continuous framework having struts defining a plurality of interconnecting 
interstices throughout the bulk volume, and said porous element having interconnecting 
interstices extending throughout said volume and openings through said surface 



37 




WO 02/083188 



PCT/US02/1 1909 



45. A sustained release delivery system according to claim 42, wherein the 
average interstices are wider than the thicknesses of the struts. 

46. A sustained release delivery system according to claim 43, wherein the dense 
element surrounds a portion of the porous element and the delivery of the physiologically 
active agent from the porous element is controlled by the thickness of dense element 
surrounding the porous element. 

47. A sustained release delivery system according to claim 43, wherein the dense 
element surrounds a portion of the porous element and the delivery of the physiologically 
active agent from the porous element is controlled by the surface area of the porous element 
that is covered by the dense element. 

48. A sustained release delivery system according to claim 43, wherein the dense 
element is a bioresorbable material and the delivery of the physiologically active agent from 
the porous element is controlled by the bioabsorption of the dense element. 

49. A sustained release delivery system according to claim 42, wherein the 
porous element and dense element comprise a ceramic. 

50. A combination dense/porous structure, comprising: 

a porous element having an outer surface defining a shape having a bulk volume, the 
element comprising a continuous framework having struts defining a plurality of 
interconnecting interstices throughout the bulk volume, and said porous element having 
interconnecting interstices extending throughout said volume and opening through said 
surface; 

a ceramic or metal dense element formed from a material and having a sintered 
density of at least 95% contacting at least a portion of the porous element; 

a bonding phase; and 

an interconnection zone joining at least one surface of the porous element and dense 
element whereby the bonding phase penetrates into the porous element. 
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51. A combination dense/porous structure according to claim 50, wherein the 
average interstices are wider than the thicknesses of the struts. 

52. A process for producing a combination dense/porous structure according to 
claim 50 comprising: 

(a) providing a porous element having an outer surface defining a shape having 
a bulk volume, the element comprising a framework having struts defining a plurality of 
interconnecting interstices throughout the bulk volume, and said article having 
interconnecting interstices extending throughout said volume and opening through said 
surface; 

(b) providing a dense element formed from a material and having a sintered 
density of at least 95 %; 

(c) providing a bonding phase; 

(d) joining at least one surface of the porous element and the dense element with 
the bonding phase, whereby the bonding phase penetrates into the porous element and 
forms an interconnection zone; 

(e) drying the bonding phase to form the combination dense/porous structure; 
and 

(f) sintering the combined dense and porous element with the interconnection 
zone to form the combination dense/porous structure. 

t 

53. A process for producing a combination dense/porous structure according to 
claim 52, wherein the bonding phase comprises a dispersion of a ceramic or metal powder, 
a binder, and a solvent in the form of a slip. 

54. A combination dense/porous structure, comprising: 

a sintered porous element having an outer surface defining a shape having a bulk 
volume, the element comprising a continuous framework having struts defining a plurality 
of interconnecting interstices throughout the bulk volume, and said sintered porous element 
having interconnecting interstices extending throughout said volume and opening through 
said surface; 
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a sintered metal or ceramic dense element formed from a material and having a 
sintered density of at least 95 % contacting at least a portion of the porous element; 

a bonding phase; and 

an interconnection zone joining at least one surface of the porous element and dense 
element whereby the bonding phase penetrates into the porous element. 

55. A combination dense/porous structure according to claim 54, wherein the 
average interstices are wider than the thicknesses of the struts. 

56. A process for producing a combination dense/porous structure according to 
claim 54 comprising: 

(a) providing a sintered porous element having an outer surface defining a shape 
having a bulk volume, the element comprising a framework having struts defining a 
plurality of interconnecting interstices throughout the bulk volume, and said sintered porous 
element having interconnecting interstices extending throughout said volume and opening 
through said surface; 

(b) providing a sintered dense element formed from a material and having a 
sintered density of at least 95%; 

(c) providing a bonding phase; 

(d) joining at least one surface of the sintered porous element and the sintered 
dense element with the bonding phasej whereby the bonding phase penetrates into the 
porous element and forms an inter-penetration zone; and 

(e) curing, drying, and/or heating, if necessary, the bonding phase to form the 
combination dense/porous structure. 

57. A process for producing a combination dense/porous structure according to 
claim 56, wherein the bonding phase comprises a dispersion of a ceramic or metal powder, 
a binder, and a solvent in the form of a slip. 

58. A combination dense/porous structure according to claim 1, wherein the 
combination dense/porous structure is produced by a process, comprising: 

(a) providing a porous element in a green state; 
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(b) providing a dispersion comprising a ceramic or metal powder and a binder; 

(c) contacting the dispersion with the porous element whereby the slip at least 
partially penetrates into at least a portion of the porous element to form an interconnection 
zone and a dense element formed from the dispersion and adjacent to the interconnection 
zone to form a combination dense/porous structure; 

(d) solidifying the combination dense/porous structure to form a green 
combination dense/porous structure; and 

(e) sintering the green combination dense/porous structure to form the 
combination dense/porous structure. 

59. A combination dense/porous structure according to claim 49, wherein the 
combination dense/porous structure is produced by a process comprising: 

providing a porous element; 

providing a ceramic or metal dense element formed from a material and having a 
sintered density of at least 95 % ; 

providing a bonding phase; 

joining at least one surface of the porous element and the dense element with the 
bonding phase, whereby the bonding phase penetrates into the porous element and forms an 
interconnection zone; 

drying the bonding phase to form the combination dense/porous structure; and 

sintering the combined dense and porous element with the interconnection zone to 
form the combination dense/porous structure. 

60. A combination dense/porous structure according to claim 54, wherein the 
combination dense/porous structure is produced by a process comprising: 

providing a sintered porous element; 

providing a sintered ceramic or metal dense element formed from a material and 
having a sintered density of at least 95 % ; 

providing a bonding phase; 

joining at least one surface of the sintered porous element and the sintered dense 
element with the bonding phase, whereby the bonding phase penetrates into the porous 
element and forms an interconnection zone; and 
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(e) curing, drying, and/or heating, if necessary, the bonding phase to form the 
combination dense/porous structure. 

61. A method for sustained release of a physiologically active agent in a selected 
direction comprising: 

providing a reticulated, porous element having an open interconnected porosity 
containing a physiologically active agent; 

surrounding a portion of the porous element with a dense element; and 
exposing the porous element in directions where release of the physiologically active 
agent is selected., 

62. A method for sustained release of a physiologically active agent in a selected 
direction as claimed in claim 61, wherein the physiologically active agent comprises BMP. 
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